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Abstract 
The Brodgar Field is a Cretaceous gas condensate reservoir that started production in July 2008. Peak production rate was 200 
MMscf/d but water breakthrough early in 2011 has significantly reduced the production rate. Production since water 
breakthrough has been severely reduced due to water handling facilities constraints. The operating philosophy has changed 
from one that attempted to quickly gain the most production possible, to a reduced mode trying to control minimum constraints 
on platform and hold production steady. Salt build-up due to the water production on the platform processing facility is causing 
problems. The historic water production showed the signs of possible cresting behaviour. 
This paper combines the use of material balance, analytical solutions and mechanistic simulation studies to understand the 
water movement in the reservoir. Material balance was first used to help quantify the aquifer support available and to try and 
provide an initial history match to pressure. The results showed the inability of material balance to model the dynamic nature 
of the GWC. An analytical analysis was performed to estimate the critical production rate for cresting to occur and to calculate 
the approximate water breakthrough time. A number of correlations previously applied to other scenarios were tested with little 
success. The critical production rate was found to be much larger than the actual production rate and the water breakthrough 
time was under predicted. 
A mechanistic model was created to focus on the producing area of the reservoir. An accurate history match was obtained 
to match the water production to date, through the variance of the water influx, gas influx and reservoir parameters. An 
operating strategy to get the highest recovery has been proposed based on the water predictions. The strategy involves a cycle 
of production for 2 weeks and a shutdown period of 2-3 weeks, to deal with salt build up on the platform MEG (Ethylene 
glycol) unit. Through the analysis of the water movement, water cresting was found not be the water production mechanism. 
The water was found to be moving up the high permeability streaks, towards the well. This paper highlights the use of a 
mechanistic simulation model to assess water movement and production for facility constrained gas condensate reservoirs. 
 
Introduction 
The Brodgar field is located in block 21/03a in the central North Sea (Figure 1) and was discovered in 1985. The field is a gas 
condensate reservoir with a thin oil rim. It produces from the Early Cretaceous Britannia Sandstone located at a depth of 
10,800 ft TVDSS. Figure 2 shows the top structure of the field. There are two horizontal production wells that started 
producing in mid 2008, H1 and H2 (Figure 2).  
 
 
Figure 1: Overview of the field location in the central North Sea. 
Britannia Field 
Brodgar Field 
Imperial College 
London 
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Figure 2: Top structure of field. 
 
There is a 41km subsea pipeline to transport the hydrocarbons to the nearby Britannia platform. To prevent the formation of 
hydrates in the pipeline, MEG is continually injected into the Brodgar manifold. The MEG is recovered on the platform and re-
injected through the reclamation unit, which has a water constraint of 500 Bbls/D. As a result, the water production has a 
significant effect on the production rate. The water breakthrough time has been hard to predict, especially given the fact there is 
only 2 production wells. Water breakthrough occurred in February 2011 and has significantly impacted production. There is no 
sub surface metering of the water from each well, so it is unknown which well is producing water. 
 
Reservoir Properties 
The fluid properties of the reservoir are highlighted in Table 1 and the relative permeability values are shown in Table 2. 
There are only 2 control points for the entire field from two appraisal wells that were cored and logged. However, the wells are 
similar in terms of reservoir properties, facies and share a common GWC. There is still an uncertainty in the stratigraphic 
distribution of permeability in the Britannia ‘A’ sands (reservoir rock).  
The Britannia ‘A’ reservoir on average has a thickness of 100 ft and a high net to gross of over 90%. There is a degradation 
of porosity from 20% to 16%, with depth. There is a pronounced degradation in permeability from the top of the reservoir to 
the bottom. This is due to the increased cementation (calcite) in the pore throats. The permeability varies with depth from 700 
md to 50 md. In the full field model a blanket kv/kh is applied to a layers of a value of 0.1. 
 
Table 1: Brodgar fluid properties. 
Gas Properties Water Properties Reservoir Conditions 
Sep. Gas Gravity (air=1.0) 0.88 Salinity (ppm TDS) 35000 Initial Pressure (Psia) 4960 
Conden./Gas Ratio (Stb/MMscf) 68 Volume Factor (Rb/Stb) 1.05 Temperature (
o
F) 240 
Condensate Gravity (deg. API) 51 Compressibility (1/psi) 3.00E-6 Dew Point Pressure 4960 
H2S (mol %) 0 Viscosity (cp) 0.40   
CO2 (mol %) 1     
N2 (mol %) 1     
Initial Z Factor 0.994     
Initial Formation Vol Factor (Scf/Rcf) 249     
Initial Gas Viscosit (Cp) 0.041     
 
Table 2: Relative permeability values for the reservoir. 
End Point Saturations End Point Relative Permeability Corey Exponents 
Connate Water, Swc (%) 15 Water Rel Perm at Sw=100% 0.20 Water, nw 2.5 
Residual Gas, Sgr (%) 20 Gas Rel Perm at Swc 1.00 Gas, ng 1.6 
 
Objectives 
For gas reservoirs or low yield gas condensate reservoirs with an active water drive, high production rates are used ‘to 
outrun the water influx’ (Agarwal et al. 1965). This reduces the volume of gas that is trapped by the advancing water. 
Producing at high rates can cause the developments of water coning in vertical wells and water cresting in horizontal wells. 
This paper aims to focus on this water movement and try and capture the cresting effect through simulation. Previous full scale 
models of the field have struggled to capture the water production. A generalized material balance analysis was undertaken to 
H1 (2005)
Producer
H2Y (2005)
Producer
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understand the water drive effect and to provide a coarse history match to the water production. Following this, a study was 
performed using analytical solutions and semi-empirical correlations previously used in other scenarios. An estimation of the 
water breakthrough time and the critical production rate was calculated to try and aid in optimising the development strategy.  
A mechanistic simulation model is proposed to capture the water movement. The mechanistic analysis allows for a more 
detailed study with higher grid refinement to that currently carried in the full scale model. A history matching exercise was 
conducted to focus on the produced water based on historic production rate and pressure. The mechanistic model is then used 
to investigate a series of operating strategies to minimise the water production. An understanding was developed for the 
production benefits and potential production forecasts from each strategy, as well as impacts on the facilities. The ultimate 
objective of this paper was to develop a strategy that could yield the highest recovery factor from the two topsides wells. 
 
Literature Review 
Water coning was first analysed by Muskat et al. (1935), where a simple solution for water coning in a vertical well was 
produced. Following this a number of investigations occurred to develop coning models to calculate the critical rate at which a 
cone develops and the corresponding breakthrough time (Chaney et al. 1956; Chierici et al. 1964; Meyer and Garder 1954; 
Schols 1972; Sobocinski and Cornelius 1964; Bournazel and Jeason 1971). The critical rate was generally calculated by two 
methods. The first method involved determining the critical rate analytically by making the gravity forces equal the viscous 
forces. The second method was an empirical development based on laboratory work and simulation studies. Most of the 
solutions developed were for vertical oil production wells.  
Muskat (1982) was one of the first to suggest that the mechanism of water coning in a gas well is similar to that of an oil 
well. Trimble and DeRose (1976) used simulation of the Todhunters Lake Gas field to support the idea of water coning in gas 
wells being similar to oil. Using the analogy of a high oil mobility well being similar to a typical gas well, Kabir (1983) found 
that permeability and pay thickness are the largest effectors of coning. The work was carried out using a numerical simulator.  
With the increased use of horizontal wells, water cresting behaviour was observed. This lead to a number of analytical 
studies to predict the critical rate (Chaperon 1986; Giger 1989) and time to water breakthrough (Ozkan and Rhagavan 1990; 
Papatzacos 1991). Joshi (1991) compared the various solutions and found that the theories could produce results that varied by 
a factor of 20. Joshi also found that the water crest affect became more significant as the distance between the well and the 
GWC was reduced, the horizontal permeability decreases and the vertical permeability increases.  
Studies were also done to get correlations from laboratory work (Abbas and Bass 1988; Jiang and Butler 1998). 
Furthermore numerical studies were conducted to derive empirical relations to model the coning parameters (Yang and 
Wattenberger 1991; de Souza et al.1998). 
Jackson and Sech (2007) questioned the ideology that a high production rate is the best method to optimise recovery in gas 
reservoirs with horizontal wells. Through simulation it was found that production at high rates in many instances does not 
increase the ultimate recovery factor. 
With reference to material balance, Walsh et al. (1994) provided a generalized method that can be applied to the full range 
of reservoir fluids including gas condensates. Vega and Barrufet (2001) then used Walsh et al’s work to determine the length, 
or the radius of the aquifer which then can be used as an input parameter for a reservoir simulation.  
 
Analysis Methods 
The Brodgar field has a large volumetric uncertainty due to the insufficient appraisal well data. One of the major uncertainties 
is the size of the field and the size of the structure. Due to the low relief of the top of the reservoir surface, a number of top 
structure interpretations were developed to provide an array of GIIP. This means there is uncertainty in determining the overall 
size of connected gas in place, which is highlighted in Figure 3. This coupled with the fact that water breakthrough has been 
difficult to predict, means the depletion and pressure maintenance mechanism is not fully understood. As a result a material 
balance analysis was conducted to understand the depletion mechanism, an analytical study to get an approximate time of 
water breakthrough and finally a mechanistic simulation to develop an optimum producing strategy. 
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Figure 3: Image showing the range of GIIP from a number of static models. 
 
Material Balance 
The analysis was conducted in the MBAL
TM 
software package. Three separate models were tested including a single tank 
model with an aquifer, a multitank model and a multitank model with an aquifer. The analytical method is used to compare the 
different scenarios which attempts to match the calculated and the input main phase rate (Gas in this case). The production of 
the gas is based on the tank pressure and production of water is based on the history entered.  
 
Analytical Solutions 
A theoretical study was undertaken to try and approximate the water breakthrough time and to see if the past production 
rate was higher than an estimated critical production rate. In the literature there has been many studies investigating the water 
coning effect in oil wells but few for water coning in gas wells. Authors such as Muskat (1982), believed that the physical 
mechanism of water coning in gas wells is identical to that of oil wells. A number of oil based approximations will be tested on 
the assumption that the flow is mainly affected by the differences in mobility and densities of the two fluids, which can be 
easily altered. One problem in this assumption is that the effects of Non-Darcy flow, which is systematic of high production 
gas wells, are not taken into account.  
The past literature was reviewed and number of analysis methods was taken to be accessed. Table 3 below shows the 
equations used to estimate the critical production rate, where the coning/cresting mechanism is seen and Table 4 shows the 
equations used to estimate the water breakthrough time. The definitions of the variables in the equation tables are available in 
the Nomenclature section of the report.  
 
Table 3: Critical production rate equations. 
Source Name Equation Number 
SPE 
22931 
Yang and 
Wattenburger 𝑞𝑐𝐷 = 4.792 × 10
−4𝑥𝑎
0.32 (
1
𝛼
)
0.65 1
1 + 𝑀0.4
ℎ𝑏𝑝
2
(ℎ − ℎ𝑎𝑝)
2
− ℎ𝑏𝑝
2
 
𝑞𝑐 = 5.61 × 10
−6
√𝑘𝑣𝑘ℎ𝑘𝑟𝑔𝐿ℎ∆𝛾
𝜇𝑔
𝑞𝑐𝐷 
𝛼 = (
𝑟𝑒
ℎ
)√
𝑘𝑣
𝑘ℎ
 
(1) 
 
 
 
(2) 
 
 
 
(3) 
CIM 97-23 Hongen 
𝑞𝑐 = 1.99 × 10
−2 √𝑘𝑣𝑘ℎℎ[(𝜌𝑤 − 𝜌𝑤)ℎ]
𝜇𝑔𝐵𝑔(
𝑟𝑒
𝐿 +
ℎ
𝐿 ln (
ℎ
2𝑟𝑤
) 𝑐𝑜𝑠
𝑥𝛿
ℎ )
 
(4) 
Ahmed 
2010 
Chaperson 
𝑞𝑐 = 4.396 × 10
−11(
𝐿𝑞𝑐
∗
𝑟𝑒
)(𝜌𝑤 −  𝜌𝑔)𝑘ℎ
[ℎ − (ℎ − 𝐷𝑏)]
2
𝜇𝑔𝐵𝑔
 
𝑞𝑐
∗ = 3.9624955 + 0.0616438𝛼 − 0.000504(𝛼2) 
 
(5) 
 
 
(6) 
Balliscate 53 BCF 
46 – 405 Bcf 
Gas in place 
84 – 126 Bcf 
Gas in place 
53 – 120 Bcf 
Gas in place 
13 – 60 Bcf 
Gas in place 
H2Y & H1 
White dashed lines 
denote a split of the  
reservoir into a number 
of sections. 
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Ahmed 
2010 
Efros 
𝑞𝑐 = 4.396 × 10
−11
(𝜌𝑤 −  𝜌𝑔)𝑘ℎ[ℎ − (ℎ − 𝐷𝑏)]
2𝐿
𝜇𝑔𝐵𝑔[𝑟𝑒 + √𝑟𝑒2 + (
ℎ2
3 )]
 
(7) 
Ahmed 
2010 
Karcher 
𝑞𝑐 = 4.396 × 10
−11
(𝜌𝑤 −  𝜌𝑔)𝑘ℎ[ℎ − (ℎ − 𝐷𝑏)]
2𝐿
𝜇𝑔𝐵𝑔2𝑟𝑒
[1
− (
ℎ − (ℎ − 𝐷𝑏)
𝑟𝑒
)
2
(
1
24
)] 
(8) 
Ahmed 
2010 
Joshi 
𝑞𝑐 = 1.381 × 10
−8
(𝜌𝑤 −  𝜌𝑔)𝑘ℎ[ℎ − (ℎ − 𝐷𝑏)]
2
𝜇𝑔𝐵𝑔ln (
𝑟𝑒
𝑟𝑤′
)
 
𝑟𝑤
′ =
𝑟𝑒[
𝐿
2𝑎]
[1 + √1 − [
𝐿
2𝑎]
2[
ℎ
2𝑟𝑤
]
ℎ
𝐿
 
𝑎 = (
𝐿
2
) [0.5 + √0.25 + (
2𝑟𝑒
𝐿
)
4
0.5
 
(9) 
 
 
 
(10) 
 
 
 
 
(11) 
 
Table 4: Water breakthrough time equations. 
Source Name Equation Number 
SPE 
22931 
Yang and 
Wattenburger ℎ𝑤𝑏 = ℎ −
(𝐺𝑝)𝑏𝑡
𝐴∅(1 − 𝑆𝑤𝑐 − 𝑆𝑔𝑟)
− ℎ𝑎𝑝 − ℎ𝑝 
(𝐺𝑝)𝑏𝑡 = 𝐴∅(1 − 𝑆𝑤𝑐 − 𝑆𝑔𝑟)(ℎ − ℎ𝑤𝑏 − ℎ𝑎𝑝 − ℎ𝑝) 
𝑡𝑏𝑡 =
(𝐺𝑝)𝑏𝑡
𝑞𝑔
 
 
(12) 
 
 
(13) 
 
 
(14) 
 
Ahmed 
2010 
Ozkan and 
Raghavan 𝑡𝑏𝑡 = [
∅(1 − 𝑆𝑤𝑐 − 𝑆𝑔𝑟)ℎ
3𝐸
 𝑞𝑔𝐵𝑔 
]
𝑘𝑣
𝑘ℎ
 
(15) 
CIM 94-
26S 
Hatzignatiou and 
Mohamed 
𝑡𝑏𝑡 =
30.77 𝐴 ℎ∅(1 − 𝑆𝑤𝑐 − 𝑆𝑔𝑟) 
𝑞𝑔𝐵𝑔
√𝐿
ℎ
1/4
 [
𝑘ℎ
𝑘𝑣
]0.4
[𝑞𝐷]0.04√𝑀
 
𝑞𝐷 =
𝑞𝑔 𝜇𝑔𝐵𝑔
𝐴(1 − 𝑆𝑤𝑐 − 𝑆𝑔𝑟)√𝑘𝑣𝑘ℎ
 
 
(16) 
 
 
 
 
(17) 
 
Mechanistic Modelling 
The current full scale simulation model with H1 & H2 producers has difficulty in predicting the current observed water 
production per day. This is due to number of problems. The amount of water produced is a small amount, in the tens and 
hundreds of barrels per day. As already highlighted there is difficulty in understanding where the water and gas is coming in 
from. In order to focus on the water production rate, a mechanistic model was developed. The objective of the model was to try 
and create the cresting effect and then create an accurate history matched model. This model could be then be used to develop 
strategies. The advantage of a mechanistic model is that it can have a higher grid resolution without significantly increasing the 
simulation time. This is because the mechanistic model is a sector model of the area with the two horizontal producers, while 
the full field model is a realisation of the entire field. 
During initial appraisal of the field, the vertical appraisal well in the structure where the producers reside encountered shale 
below the reservoir and did not encounter the water contact. However a vertical exploration well drilled in the west of the field 
confirmed the water contact in the field.  This assumed fieldwide contact depth in the structure is such that the aquifer influx 
will be coming from the edges of the field and not from below the producers. The aquifer is believed to be large and extensive 
as the Britannia sandstone is an areally extensive turbidite system. To model the aquifer in the mechanistic model, a single 
horizontal injector is placed at each end of the reservoir. Since the injector crosses the entire reservoir, this simulates a large 
aquifer that provides full voidage replacement (Figure 4).  
In order to simulate pressure maintenance from connected gas, horizontal gas injectors are placed on the other sides to that 
of the water injectors so that the model could be kept focused on the producing area, where H1 and H2 are located. Focussing 
on the producing area reduces the simulation time. The field has already produced more gas than the estimated reserves in the 
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area of the 2 producers. The logical explanation is that more gas is coming from other connected areas of the reservoir. The 
depths and shape of the structure were modelled together with two horizontal producing wells, based on the full scale 
realisation. The properties used in the model, together with the thickness of the cell layers are highlighted in Table 5. A 
diagram and dimensions of the model are shown in Figure 4 and Figure 5. 
 
Table 5: Mechanistic model reservoir properties. 
Layer Thickness (feet) NTG Ratio (%) Porosity (%) Kh (md) Kv/Kh Ratio 
3 0.95 0.20 700 0.06 
3 0.95 0.20 680 0.06 
3 0.95 0.20 660 0.06 
3 0.95 0.20 640 0.06 
4 0.93 0.18 580 0.06 
6 0.93 0.16 480 0.06 
10 0.90 0.16 350 0.06 
18 0.90 0.16 250 0.06 
25 0.90 0.16 125 0.06 
25 0.90 0.16 75 0.06 
 
 
  
Figure 4: Diagram of mechanistic model. Figure 5: Grid dimensions and depths. 
 
The gridding structure has been designed to be locally refined in the vertical direction around the perforations of the well 
and gets coarser to the bottom of the reservoir (Layer thickness in Table 5). The horizontal grid size is also kept at a low value, 
relative to the full field model. The model contains 25,600 grid cells. 
 
 
Results 
 
Material Balance 
The results from the analytical study for the full field are shown in Figure 6 to Figure 8. The matching properties used in 
the analysis i.e. the aquifer permeability and the GIIP are highlighted in Table 6. 
 
  
Figure 6: Analytical plot for aquifer influx. Figure 7: Analytical plot for gas influx. 
 
Water 
Injector
Water 
Injector
Gas 
Injector
Gas 
Injector
Horizontal 
Producers
4000 ft 
10000 ft 
Gas-Water Contact (feet) 11017 
X Block 
Width (feet) 
125 
Y Block 
Width (feet) 
125 
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Table 6: Matching parameters for analytical influx 
for the full field. 
 With Aquifer With Gas 
Influx 
With Aquifer 
& Gas 
Local GIIP (Bcf) 283 140 283 
Connected GIIP (Bcf) -- 600 300 
Aquifer Perm (md) 100 -- 60 
 
Figure 8: Analytical plot for gas and aquifer influx. 
 
The results from the material balance (Figure 6 to Figure 8) highlight the difficulty in understanding the effect of the 
aquifer and the connected areas. Using an analytical approach the reservoir pressure can be matched by either modelling an 
aquifer, multitank model with no aquifer and multitank model with an active aquifer. Table 6 shows the matching properties 
and shows the variance of GIIP to that of the full field model (Figure 2).  
The pressure buildup that occurs after water breakthrough has not been matched well. This is primarily because of the 
simplicity of the calculation. Material balance assumes a tank model and any dynamic water movement cannot be modelled. 
This is because the GWC is assumed to be uniformly rising. The analysis does show the non-uniform gas influx that is present 
in the field. This has to be taken into account during the history matching process of the mechanistic model.  
Given the complex nature of the Brodgar field, the material balance analysis struggles to capture the production 
mechanisms. However fields which are less complex might find it useful to use material balance to understand the recovery 
and aquifer support.  
 
Analytical solutions 
 
Table 7: Results of the analytical study.  
Critical Rate  Breakthrough Time 
Correlation Rate MMscf/d  Correlation Days 
Yang & Wattenburger 2051  Yang and Wattenburger 8.4 
Hongen 165  Ozkan and Raghavan 109 
Chaperson 1706  Hatzignatiou and Mohamed 380 
Efros 210    
Joshi 246  Field breakthrough time 883 
 
Comparing the critical rates (Table 7), one can observe the large variation in the critical rates much like Joshi (1991) found. 
The calculated values show that the critical production rate is far larger than any rate that the well can produce. During peak 
production the maximum well rate was 100 MMscf/d. This would indicate that the cresting effect is not occurring. Saying this, 
a number of these formulas were developed for water coning and cresting for oil reservoirs. Despite the dimensionless nature 
of them and the density difference between the two fluids being the main factor, the non-Darcy effects could be critical. The 
variables that have the largest effect on the calculated values are the Gas Viscosity and Formation Volume Factor. Given the 
sensitive nature of these variables to changes in pressure, it will be difficult to find an average over the pressure depletion 
period until water breakthrough occurs. The breakthrough time has a large variation as well but all of them under predicted the 
time. One explanation is that an average production rate is used in the calculation which takes into account the shutdown times. 
In reality these shutdown times will allow the crest to subside, thereby increasing the time to breakthrough. The rate at which 
the crest subsides is unknown and needs to be further analysed in the mechanistic model. Another explanation of the 
breakthrough time is that water cresting is not the water production mechanism. The water movement is to be investigated in 
the mechanistic modelling.  
 
Mechanistic Modelling 
 
History match 
A number of variables were considered during the history match process. The main variables that were changed to obtain 
the match were the permeability anisotropy (kv/kh) and the rates of both the water and gas injections. There are only two 
control points for the entire field, due to there being only two appraisal wells. Fortunately these wells, which were cored and 
logged did have similar reservoir properties and facies. Given this, an assumption was made of laterally continuous layers of 
contrasting permeability however a major uncertainty still remains in the stratigraphic controls on the permeability degradation 
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of the reservoir. In the history matching process, the permeability anisotropy was varied by a uniform factor on a layer by layer 
basis. The history matching focus period was after water breakthrough (February 2011) in order to focus on matching the water 
production. The cumulative gas production and BHP were matched until water breakthrough, at which point the daily water 
production rate became the target history process. The successful history properties are shown in Table 5. The kv/kh ratio was 
changed from that of the full field model. The ratio was reduced from 0.1 (full field model) to 0.06 in the mechanistic model to 
obtain the match. Figure 9 and Figure 10 shows the result of the history match.  
 
  
Figure 9: Comparison of History match of water rate. Figure 10: Comparison of History match of BHP of H1. 
 
The pressure maintenance from the connected gas was an issue. Figure 3 shows the uncertainty in the GIIP of the connected 
areas. Given the uncertainty, it is generally thought that there is twice the GIIP to the west of the 2 producing wells H1 & H2. 
To model this, gas injection rates were changed to simulate the gas influx from these areas during the history match process. 
 
Gridblock size analysis 
A study was undertaken to analyse the effect of different grid sizes and its effect on the history match of the water 
production. The effect of the horizontal grid size and vertical grid thickness was investigated. Four horizontal grid sizes were 
tested: 66 ft, 125 ft, 250ft and 500 ft. The 66 ft model was disregarded due to the large run time of the simulation. Four models 
were tested for the vertical thickness test: 4 layers of 25 ft (4L25), 5 layers of 20 ft (5L20), 10 layers of 10 ft (10L10) and 10 
layers with top 5 being 5 ft (10L5).   
 
  
Figure 11: Breakthrough time vs horizontal grid size. Figure 12: Average water rate vs grid thickness. 
From the analysis it is shown that both horizontal and vertical grid sizes have an effect on the water match (Figure 11 & 
Figure 12). The horizontal size has a large effect on the time of breakthrough and struggles to capture the water movement 
towards the well. The vertical thickness has an effect on the magnitude of the water rate. Given the large disparity of results 
from both the vertical and horizontal analysis, further work needs to done to optimise the grid resolution around the well to 
highlight the water movement. There will be a certain optimum size by which a further reduction or small variation of the size 
will not affect the water rate or breakthrough time. This would be represented for example if Figure 11 showed a horizontal 
line as the trend between different grid sizes. 
 
Sensitivity analysis 
The mechanistic history matched model is just one realisation of the effects of the aquifer and connected gas and is a non-
unique solution. A number of other models which had varied properties such as well locations in relation to the water and 
perforations and the water/gas injection rates, were created. In each of these models an accurate history match was obtained 
from the water breakthrough time (February 2011) but critically each of these models produced different water production rates 
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for the prediction period of a year after the history match period. As the subsea facilities do not have the capability to directly 
meter the water production, there is some uncertainty in water production rates as to the contribution of each well to the water 
production.  
The model that predicted the highest and lowest water rates during the prediction period were chosen to provide a 
comparison to base case history matched model. The case with the highest cumulative water production (for the prediction time 
not history period) was when the gas influx rates on either side of the model were the same. This would imply that the 
contribution to pressure maintenance from the connected gas on either side of the field is equal. The low case model (lowest 
water production) had different well locations and perforations. The comparison of these models can be seen in Figure 13, 
which shows the history matched period from January 2011 to August 2012 and then the year-long prediction from September 
2012. Table 8 highlights the difference in the production rates of the models. 
 
 
Table 8: Average Water Rates for 
the three models. 
Model Average Water 
Rates (Bbl/day) 
Low Case 69.7 
Mid Case 121.1 
High Case 175.6 
 
Figure 13: Comparison of water production for the 3 non-unique models. 
 
These models can be used to obtain a range of possible recoveries and water production values for the prediction period. This 
prediction period will be used to analyse a number of strategies to find an optimum strategy to get the highest gas recovery 
with the smallest water cumulative.  
 
Strategy development 
To understand the general applications of different strategies to any post water breakthrough condensate field, a full 
strategy analysis was undertaken on the mechanistic model. Three factors were varied during the study. These were the number 
of weeks of production, number of weeks of shutdown and the production rate of the wells. An analysis into individually 
cycling the production of the wells to ensure constant production while having lower water production was also investigated. 
The aim of the analysis was to find an operating strategy that gains the most production while limiting water production. The 
water production has been the limiting factor in the field production post water breakthrough. The produced water also causes a 
salt build up in the topside platform processing facilities. This build-up causes the topside platform facilities to shutdown, in 
order to clean out the salts.  
The naming conventions of the strategies are shown in Table 9. The simulations are run after the month long Britannia field 
shutdown that will finish on 18/09/2012.  
 
Table 9: Naming convention of the different strategies used in the analysis.  
Strategy Naming 
Convention for 
producing both wells 
at the same time 
Example 1
st
 Prefix 2
nd
 Prefix 3
rd
 Prefix  
1_1_15 Number of weeks of 
production 
Number of weeks of 
shutdown 
Production rate of 
the well (MMscf/d) 
 
Strategy Naming 
Convention for 
individually cycling 
the production of the 
wells 
Example 1
st
 Prefix 2
nd
 Prefix 3
rd
 Prefix 4
th
 Prefix 
C1_1_1_15 The letter ‘C’ highlights the 
cycling with the first number 
being the number of weeks of 
production of the 1
st
 well. 
Number of weeks of 
production for the 
2
nd
 well. 
Number of weeks 
of shutdown for 
both wells. 
Production rate of 
the wells. 
(MMscf/d) 
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Figure 14: Cumulative water and gas comparison for all strategies tested on the mechanistic model. 
    
  
Figure 15: Comparison of producing both wells simultaneously 
and individually on the mechanistic model. 
Figure 16: Comparison of producing in one week and two weeks  
intervals on the mechanistic model.  
 
The cumulative water and gas of all the strategies tested in the analysis are shown in Figure 14. Through analysis of the 
results it is shown that individually producing the wells, is an effective strategy. Figure 15 highlights the difference between 
producing both wells together and individually. The gas recovery of both the strategies is similar, however producing the wells 
individually produces a significantly lower water cumulative. Figure 16 highlights the difference between producing both wells 
for 1 and 2 week intervals. The result shows the gas recovery is similar but producing for 1 week intervals produces a lower 
water cumulative. 
 
Water test study 
The predictions from the full field model (FFM) suggest that the well H1 is producing significantly more water than that of 
H2. The entire horizontal section of the well is lower in the reservoir to that of the H2 well, which has half of the horizontal 
section higher in the reservoir/further from the water. The only way to measure the water production is to individually produce 
each well, as there is no facility to measure the water rate subsurface. A water test was simulated to understand where the water 
is coming from and give an indication if the mechanistic model is correctly matching the water rates. It is recommended that 
this should occur after the month long shutdown of Britannia. A corresponding simulation study was undertaken to allow an 
accurate comparison between the model and the test in the field.  
The analysis compares the water production of both H1 and H2 at 12.5 MMscf/day for a week and then individually at 12.5 
and 25 MMscf/day for a week. Due to the long subsea tieback the field has to produce at a minimum of 25 MMscf/day. This is 
to mitigate problems due to slugging. As a result the wells cannot be individually flowed lower than 25 MMscf/day. However 
the wells are currently flowed at half this rate, so the simulation investigation aimed to determine the impact of doubling the 
rate of the wells individually. Figure 17 and Figure 18 show the results of the study. 
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Figure 17: Comparison of both well producing at 12.5 
MMscf/day using the mechanistic model. 
Figure 18: Comparison of individually producing the wells using the 
mechanistic model. 
 
The results from Figure 17 and Figure 18 show that producing the wells at high rates required for the individual well 
production strategies, would be difficult. The strategy would effectively kill the higher water production well within a few 
months, due to the minimum facility production limit. This would be due to the 500 bbls/day water limit being reached within 
just a few days of production.  
 
Consequences for Brodgar production 
As indicated from the water study, producing the wells at a high rate required by the individual well strategy will instantly 
overcome the water facility constraint. As a result a strategy more focussed to the field constraints has to be developed, based 
on the mechanistic model. After analysis of the theoretical strategy development and the water test, a number of scenarios were 
developed based on the mechanistic model. These scenarios involved varying the production on and off times to see the effect 
on the overall water production and hydrocarbon recovery. Whenever the field reached the water limit during a production 
cycle, a long shutdown was used to allow the water to subside. The scenarios also investigate the effect off closing production 
for extended periods before the water rate becomes too severe, in the hope to extend production in the long term. Table 10 
shows these strategies.  
 
Table 10: Focussed Brodgar Production Strategies. 
Name H1 Prod Rate (MMscf/d) H2 Prod Rate (MMscf/d) Production Cycle Shutdown period and time 
F1 10 15 3 weeks on, 1 week off 1 month in February, May 
F2 16.5 8.5 3 weeks on, 1 week off 1 month in March, May 
F3 10 15 4 weeks on, 1 week off 1 month in February, May 
F6 11 16 2 weeks on, 2 week off 1 month in June 
F7 13 18 2 weeks on, 3 week off 
 F8 10 15 3 weeks on, 2 week off 1 month April, June 
 
The predictions were run from after the expected month long shutdown of the Britannia platform in September. The cumulative 
water production and overall gas recovery is shown in Figure 19 and Figure 20. 
Applying these strategies to the different history matched models provides a low, mid and high case result for the 
cumulative water and gas production.  
 
  
Figure 19: Cumulative Water Production of Focussed Study. Figure 20: Cumulative Gas Production of Focussed Study. 
 
0
0.1
0.2
0.3
0.4
H2 H1
C
u
m
 W
at
e
r 
P
ro
d
u
ct
io
n
 (M
b
b
ls
)
Watertest both wells at 12.5 
MMscf/day
0
0.5
1
1.5
WatertestH1_12 WatertestH1_25 WatertestH2_12 WatertestH2_25
Cu
m
 W
at
e
r 
Pr
o
d
u
ct
io
n
 (M
b
b
ls
) Individual Watertest Comparison
0
5
10
15
20
25
30
35
40
45
Aug-12 Oct-12 Dec-12 Jan-13 Mar-13 May-13 Jun-13 Aug-13
C
u
m
 W
at
e
r 
P
ro
d
u
ct
io
n
 R
at
e
 (
M
b
b
ls
)
Date
Focussed Strategy Cumulative Water Production
F1
F2
F3
F4
F5
F6
F7
F8
0
500
1,000
1,500
2,000
2,500
3,000
3,500
4,000
4,500
5,000
Aug-12 Oct-12 Dec-12 Jan-13 Mar-13 May-13 Jun-13 Aug-13
C
u
m
 G
as
 P
ro
d
u
ct
io
n
 R
at
e
 (
M
M
cf
)
Date
Focussed Strategy Cumulative Gas Production
F1
F2
F3
F4
F5
F6
F7
F8
Brodgar Field Operating Strategy Post Water Breakthrough   12 
 
  
Figure 21: Water cumulative’s of focussed study for low, mid and 
high case mechanistic models.  
Figure 22: Gas cumulative’s of focussed study for low, mid and 
high case mechanistic models. 
 
 
Figure 23: Gas to Water ratio of focussed study for low, mid and 
high case mechanistic models. 
 
 
A comparison of the water and gas cumulative’s of the focussed study for the low, mid and high case mechanistic models 
are shown in Figure 21 & Figure 22 respectively. A gas water ratio is also calculated (Figure 23), which is the cumulative gas 
production divided by the cumulative water production. The highest gas to water ratio would be the most suitable. Looking at 
the results the two most optimised strategies are F6 and F7. These strategies have two week of production with 2 or 3 week 
shutdown periods.  These strategies do not produce the most gas, which is seen in F1 but have significantly less water. As 
previously mentioned the solids that are produced due to the water production are difficult to deal with. A lower overall water 
production would help the facilities run more efficiently over longer period of time. The strategy development is analysed over 
a year period. After this period the water production would be close to critical and the water limit would be exceeded after just 
a few days of production. At this point the wells would be effectively dead.  
 
Discussion 
Given the complex nature of the reservoir, material balance is found to be inadequate to highlight the effect of the water and 
gas influx. Furthermore it cannot capture the effect of a dynamic water contact. This is where the GWC is not uniformly rising. 
The material balance did highlight the non-uniform gas influx that is present. It also showed the range of matching possibilities 
in regards to the water and gas and showed that any solution derived could be non-unique. It is common practice to produce 
gas reservoirs with some element of water drive, at high rates. This is done ‘to outrun the aquifer’ and reduce the amount of 
trapped gas. Given the higher use of long horizontal wells in gas/gas condensate fields this ideology might not be applicable. 
There has not been much development in regards to analytical methods to try and calculate the critical cresting rate or 
approximate water breakthrough time for gas horizontal wells. Nowadays a simplistic simulation might be far better than an 
analytical approach for a first pass development analysis. The breakthrough time was under predicted. This coupled with the 
fact that the critical production rate was found to be far larger than the actual production rate showed uncertainty in the water 
production mechanism. A further analysis was required of the actual water movement in both the full field model and the 
mechanistic model.  
As previously mentioned there is difficulty in understanding the water influx and gas influx into the producing area. This 
stems from the range of estimated GIIP in the surrounding areas. As a result the FFM struggles to accurately match the water 
production and predict the water breakthrough time. The mechanistic model varied the water and gas influx to try and match 
the production more accurately. The gridblock analysis aimed to understand the differences between the mechanistic model 
and the FFM and the effect on the history match. Further work needs to done to optimise the grid resolution around the well to 
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highlight the water movement. Results show that the cumulative recovery of gas is through edge water drive. As a result the 
horizontal grid block size controls the time of breakthrough and the water movement towards the well. The mechanistic model 
shows the water travels up the high permeability layers (Figure 26). The smaller grid cells allows the pressure differential from 
the wells to pull the water up these high permeability layers. During the shutdown times the water retreats as highlighted by 
Figure 24 .  
 
 
 
Figure 24: Water saturation of a cell from the mechanistic model. Figure 25: Location of the cell used in Figure 24. 
 
The FFM has a horizontal grid block size that is 3 times larger than the mechanistic model. Figure 27 shows the water 
movement of the FFM. It can be seen that water is tending to fill the next set of cells from the bottom of the reservoir. One 
explanation is that lower layers in the reservoir have more pressure maintenance from the aquifer. There is also a delay before 
the corresponding cell fills up with water caused by the critical saturation. The relative permeability of water only increases 
after a substantial increase of the water saturation. This means the water will only move through the rock when there is enough 
volume in the corresponding cell, despite the pressure depletion from the well.  
One of the main conclusions from the water production mechanisms of both the mechanistic model and the full field model 
is that water cresting is not the cause of early breakthrough. In order for a crest to form, there has be a base layer of water 
below the hydrocarbon layer that provides pressure for the crest to form. This is an explanation as to why none of the analytical 
solutions produced any coherent results, where the critical production rate contradicted the breakthrough time. Heterogeneity in 
terms of the permeability is one of the governing controls on the water production. One example of this is the kv/kh ratio being 
lowered in the mechanistic model to obtain a better history match than the full field model. It was initially believed that water 
cresting was the cause of water breakthrough due to previous pressure transient analysis work of the production history that 
found that the aquifer was 100 ft away (Rikabi 2011). The water production history also showed signs of possible water 
cresting with large increases of water over production periods.  
 
 
 
Figure 26: Cross section of mechanistic model showing water 
movement. 
 
 
 
Figure 27: Cross section of FFM showing water movement.  
 
There is a possibility of applying a local grid refinement to the FFM around the well, to try and increase the accuracy of the 
match. This would require applying the grid refinement for the entire cross section of the producing area or above the GWC. 
Given the current simulation run time of the FFM, the cell size increase would significantly increase the computation time. It 
would be difficult to use such a cell size when running long term production schedules. There has to be a compromise between 
the accuracy of the water production and total computation of the model.  
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The strategy development shows the effect of individually producing the wells compared to producing both wells at the 
same time (Figure 15). The extra production down time allows for the water to subside. This is also highlighted by reducing the 
production on time (Figure 16). The individual well production strategy cannot be applied to the field because the wells cannot 
be pulled at such at high rate. Despite this, focussed strategies have been developed. Both wells are expected to be watered in 
within a year’s time. The results can help to provide a development strategy for the new H3 well, that is due to be drilled in the 
future. 
If the individual well production strategy had been applied as soon as water breakthrough occurred it would have 
significantly increased the production period and reduce the overall cumulative water production. For a single new will this 
cycling strategy could not be applied. If the water breakthrough time can be accurately calculated the production rates can be 
reduced before this, to delay the water breakthrough. A steady reduction of the rates would increase the overall production in 
the long term by delaying the water production.  Another method would to be produce at a lower constant rate over a longer 
period of time. The main uncertainty in these strategies is trying to estimate a breakthrough time. Currently most new gas/gas 
condensate developments involve a small number of long lateral high producing horizontal wells. This might save on overall 
cost and increase production rates but also increase the uncertainty of reservoir parameters, due to less cores and wireline data. 
This uncertainty reduces the accuracy of trying to calculate the water breakthrough time. Economically it might be better to 
produce the wells at the highest rate possible to increase the rate of return. It also helps to negate the effect of the discount 
factor if most of the producible reserves are recovered as soon possible.  
 
Conclusions & Recommendations 
 The results show that a material balance approach struggles to incorporate the dynamics of non-uniform GWC 
movement but highlights the non-unique solution nature of any match obtained. 
 Analytical solutions previously used for water cresting in oil reservoirs have been used to little success. This was due 
to the cresting not being the water production mechanism, after further analysis of the simulation models. However a 
more thorough development of a cresting estimation needs to be done due to the current lack of any correlations, for a 
horizontal gas well. This could be done from base principles or through empirical correlations derived from a 
simulation approach. 
 The water production mechanism is shown to be controlled by the high permeability streaks. However given the fact 
that there is permeability data from only two appraisal wells, there is uncertainty as to whether the model captures the 
true heterogeneity of the field. 
 Individually producing the wells was found to be an ineffective strategy, due to the facility constraints. Given this, the 
strategy for the Brodgar wells post water breakthrough is to produce both wells on a cycle of 2 weeks on, 2 weeks off 
or 2 weeks on, 3 weeks off. This produces the highest recovery of gas with the minimum amount of water. The 
uncertainty of the permeability, coupled with the non-unique nature of the history matched models means that 
prediction capacity of the models is limited. The recommended strategies should be field tested to show the true effect 
on the production. 
 The mechanistic model is shown to be a more accurate method of predicting the water than the FFM. However the 
model would only work after the availability of post water breakthrough production data.  
 
Further Work 
The results of the water production test after the September shutdown can be used to help optimise the mechanistic model. The 
results will help to indicate from which well the water is producing from. This can be used as a control parameter to the history 
matching process. This information will aide in the tuning of the production strategies, by indicating an optimum production 
rate for the two producing wells. 
The next step would be to optimise the grid resolution around the wellbore to highlight the water production. This work 
should be conducted on both the mechanistic model and the full field model. This would allow for a greater match between the 
two models, which help the development of a new well. 
The strategy recommendations should be applied to the new H3 well development, to try and optimise the overall recovery 
and limit the overall water production. To derive a more complete application to gas condensate fields, the strategy analysis 
should be applied to a few other reservoirs to compare the results. 
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Nomenclature 
 
𝐴 = Horizontal well drainage area, ft2 
𝐵𝑔 = Formation volume factor of gas 
𝐷𝑏  = Distance between GWC and horizontal well, ft 
𝐸 = Sweep efficiency 
𝐺𝑝 = Gas produced, Bcf 
ℎ = Initial gas formation thickness, ft 
ℎ𝑎𝑝 = Average gas coloumn height above perforations, ft 
ℎ𝑏𝑝 = Average gas coloumn height below perforations, ft 
ℎ𝑤𝑏  = Breakthrough height, ft 
𝑘ℎ = Horizontal permeability, md 
𝑘𝑣 = Vertical permeability, md 
𝑀 = Mobility ratio 
𝑞𝑐 = Critical production rate, MMscf/d 
𝑞𝑔 = Flow rate of gas, MMscf/d 
𝑟𝑒  = Drainage radius of well, ft 
𝑟𝑤 = Wellbore radius of well, ft 
𝑟𝑤
′  = Effective well bore radius, ft 
𝑆𝑔𝑟  = Residual gas saturation 
𝑆𝑤𝑐 = Connate water saturation 
𝑡𝑏𝑡 = Time of breakthrough, ft 
𝑥𝑎 = Drainage width, ft 
𝛼 = Dimensionless drainage width 
𝜙 = Porosity 
𝜌𝑤 = Density of water, lb/ft
3
 
𝜌𝑔 = Density of gas, lb/ft
3 
𝜇𝑔 = Viscosity of gas, cp 
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Appendix A: Critical Literature Review 
 
MILESTONES IN WATER CONING/GAS CONDENSATE STUDY 
TABLE OF CONTENT 
 
 
SPE 
Paper n 
Year Title Authors Contribution 
AIME  
114 
1935 “An Approximate Theory of Water-
Coning in Oil Production” 
M. Muskat, R. D. 
Wyckoff 
 
This theory was the first to be developed for 
phenomenon of water-coning and was used 
as the basis for a number of papers 
applicable to water-coning in gas condensate 
reservoirs. 
Oil & Gas 
J, May 7 
1956 “How to Perforate Your Well to Prevent 
Water and Gas Coning” 
P. E. Chaney, M. 
D. Noble, W. L. 
Henson, T. D. 
Price 
One of the first papers to develop coning 
models to calculate the critical rate at which a 
cone develops and the corresponding 
breakthrough time. 
4287 1973 “The Effects of Various Reservoir and 
Well Parameters on Water Coning 
Performance” 
W. B. Byrne, R. 
A. Morse 
Studied the effect of various reservoirs 
parameters on the effect of the water 
production. 
5873 1977 “Field Application of Water-Coning 
Theory to Todhunters Lake Gas Field” 
A. E. Trimble, W. 
E. DeRose 
Support that the Muskat-Wyckoff water-
coning theory can be used in gas wells to 
help maintain maximum efficient producing 
rates. 
12067 1983 “A Simplified  Method for Water Coning 
Predictions” 
M. P. Walsh, R. 
Raghavan 
This paper provided a simplified method for 
water coning predictions is for oil reservoirs, 
to calculate critical rate, breakthrough time 
and watercut performance. 
 
12068 1983 “Predicting Gas Well Performance 
Coning Water in Bottom-Water-Drive 
Reservoirs” 
C. S. Kabir To develop an analytical solution for the 
water coning problem and to provide 
guidelines on the depletion strategy in thin 
reservoirs (< 60ft). Also found permeability 
and pay thickness are the largest effectors of 
coning. 
15377 1986 “Theoretical Study of Coning Toward 
Horizontal and Vertical Wells in 
Anisotropic Formations: Subcritical and 
Critical Rate” 
I. Chaperon The first author to develop an analytical 
method to predict the critical rate for a 
horizontal well. 
17311 1988 “The Critical Production Rate in Water-
Coning Systems” 
H. H. Abbas, D. 
M. Bass 
Obtained a correlation from labratory work for 
the critical production values. 
20964 1990 “A Breakthrough Time Correlation for 
Coning Toward Horizontal Wells” 
E. Ozkan, R. 
Raghavan 
One of the first analytical methods to predict 
the water breakthrough time for a horizontal 
well. 
22931 1991 “Water Coning Calculation for Vertical 
and Horizontal Wells” 
W. Yang, R. A. 
Wattenburger 
Conducted a numerical study to dervie 
emperical relations to model the coning 
parameters in both horizontal and vertical 
wells. 
Book 1991 “Horizontal Well Technology” S. D. Joshi Compared the various solutions available in 
the literature and found a large variation in 
the results. 
27864 1994 “The New, Generalized Material Balance 
as an Equation of a Straight Line: Part 1 
– Applications to Undersaturated 
Volumetric Reservoirs” 
 
M. P. Walsh, R. 
Raghavan 
A general material balance formula that can 
be used to estimate the STOIIP or GIIP 
without restrictions on fluid composition. The 
work can be directly applied to volatile-oils 
and gas-condensates. 
27728 1994 “The New, Generalized Material Balance 
as an Equation of a Straight Line: Part 2 
– Applications to Undersaturated 
Volumetric Reservoirs” 
M. P. Walsh, R. 
Raghavan 
A general material balance formula that can 
be used to estimate the STOIIP or GIIP 
without restrictions on fluid composition. The 
work can be directly applied to volatile-oils 
and gas-condensates. 
30714 1995 “Modeling Gas-Condensate Well 
Deliverability” 
Fevang, C. H. 
Whitson 
Gives an accurate method for modelling the 
deliverability of gas-condensate wells.  
68666 2001 “Analysis of a Non-Volumetric Gas-
Condensate Reservoir” 
L.Vega, M. A. 
Barrufet 
To be able to accurately calculate the size of 
the aquifer to predict water encroachment in 
a reservoir simulation. 
 
107169 2007 “Controls on Water Cresting in High-
Productivity Horizontal Gas Wells” 
M. D. Jackson, R. 
P. Sech 
An analytical study to show that producing 
horizontal gas wells at a high rate in most 
situations do not increase overall recovery. 
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AIME 114, 144-163 (1935) 
 
An Approximate Theory of Water-Coning in Oil Production 
 
Authors: M. Muskat, R. D. Wyckoff 
 
Contribution to the understanding of gas condensate reservoirs/water coning & cresting: 
 
This theory was the first to be developed for phenomenon of water-coning and was used as the basis for a number of papers 
applicable to water-coning in gas condensate reservoirs. 
 
Objective of the paper: 
 
To get an analytical treatment of the flow system before the water has broken through and during the time that it lies statically 
beneath the oil zone with a coned surface. 
 
Methodology used: 
 
Derivations based on assumptions that the simultaneous determination of the pressure distribution and the slope of the cone is 
too difficult a problem to permit and explicit solution. Pressure functions are then used for the derivation. 
 
Conclusion reached: 
 
1. It is impossible to eliminate bottom water when producing from a thin oil zone unless the production rate is low. 
2. The critical nature of the water cone is shown by the accelerated rise of the cone as the oil-production rate is increased 
with the final attainment of instability when it has reached a point some 50 to 75 per cent of the height of the bottom 
of the well. 
3. At the upper portion of the region of stability the cone is shown to be extremely sensitive to small changes in pressure 
differential. 
4. The favourable method of control is to pinch in drastically or completely shut in the well and then increase the 
production to its maximum water-free rate rather than to slowly pinch back on rate. This is probably due to hysteresis 
in the curve of pressure differential vs. cone height.  
5. Production rate at a steady flowing rate will induce a lower cone height than one in which the flow is intermittent. 
Comments: 
 
Persistence of coning occurs when the pressure drop between the reservoir boundary and points below the bottom of the well 
exceed the hydrostatic head of the corresponding water column and that the dynamic pressure gradients in the system exceed 
the static gradient caused by the density difference between oil and water. Hence if the well is plugged back or the production 
rate is pinched down, the total pressure drop and dynamic gradients becomes insufficient to overcome the hydrostatic head and 
gravity gradient. This means the water cone can only fall back towards the bottom of the formation. 
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JPT May (1965) 
 
A Correlation for Predicting Water Coning Time 
 
Authors: D. P. Sobocinski, A. J. Cornelius 
 
Contribution to the understanding of gas condensate reservoirs/water coning & cresting: 
 
A correlation to predict the water breakthrough time. 
 
Objective of the paper: 
 
To present a correlation for predicting the behaviour of a water cone as it builds from the static water-oil contact to 
breakthrough conditions.  
 
Methodology used: 
 
Water-coning data was obtained from experimental and computer work. These were then plotted as dimensionless cone height 
vs dimensionless time, which can be used to calculate the breakthrough time. 
 
Conclusion reached: 
 
1. No hand calculation procedures are available for realistically predicting the growth of a water cone. 
2. This correlation can estimate water coning time for certain well producing at constant rates and completed at the top 
of the oil zone. 
3. Correlating groups used in this work have not been fully tested and additional data from different systems is required 
to develop a more generalized correlation.   
Comments: 
 
Highlighted the difficulty in trying to find a water breakthrough time correlation to applied to a range of scenarios.  
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SPE 3628 (1971) 
 
Fast Water-Coning Evaluation Method 
 
Authors: C. Bournazel, B. Jeanson 
 
Contribution to the understanding of gas condensate reservoirs/water coning & cresting: 
 
Another method to calculate the critical flowrate and the breakthrough time.  
 
Objective of the paper: 
 
To provide a numerical quick and easy method to calculate critical flow rate and breakthrough time. 
  
Methodology used: 
 
Experimental correlations using dimensionless numbers with a simplified analytical approach are used. This is done based on 
the assumption that the front shape behaves like a current line, in an equivalent model of different shape. 
  
Conclusion reached: 
 
1. A general method is presented to describe the coning phenomena. 
2. A good forecast of the water-free production time, the water-oil ratio increase after breakthrough and the critical flow 
rates whatever the characteristics of the fluids are obtained for a lateral drive. 
3. Optimization can be performed by varying the penetration depth and total flow rate. 
Comments: 
 
One of the many analytical studies that were conducted for oil systems. 
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SPE 5873 (1977) 
 
Field Application of Water-Coning Theory to Todhunters Lake Gas Field 
 
Authors: A. E. Trimble, W. E. DeRose 
 
Contribution to the understanding of gas condensate reservoirs/water coning & cresting: 
 
Proof that the theory developed for water-coning in a oil reservoir by Muskat (1935), can also be applied successfully to a gas 
reservoir. 
 
Objective of the paper: 
 
To obtain a tool that is readily available for a quick establishment of water-free production rates and calculating rate in this 
particular field.  
 
Methodology used: 
 
The maximum efficient rate is calculated using the Muskat-Wyckoff theory. A gas flow formula that contains Darcy’s law for 
radial flow of a gas and a term to account for convergent flow from a thickness of sand that contains a perforation size, can be 
used to calculated an MER if the well pressure that prevents water coning is known. 
 
Conclusion reached: 
 
1. The Muskat-Wyckoff theory can be used to establish water-free production rates and calculating reserves in this gas 
field. 
2. Calculated maximum efficient rates must be adjusted periodically in the presence of a rising gas-water contact. 
Comments: 
 
Support that the Muskat’s assumption that water coning in gas wells is identical to that for oil wells. 
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SPE 12068 (1983) 
 
Predicting Gas Well Performance Coning Water in Bottom-Water-Drive Reservoirs 
 
Authors: C. S. Kabir 
 
Contribution to the understanding of gas condensate reservoirs/water coning & cresting: 
 
This paper is for water coning in gas reservoirs which could be applicable to gas condensate reservoirs. 
 
Objective of the paper: 
 
To develop an analytical solution for the water coning problem and to provide guidelines on the depletion strategy in thin 
reservoirs (< 60ft). 
 
Methodology used: 
 
A fully implicit radial simulator with a two-dimensional r-z model for a gas water system. 
 
Conclusion reached: 
 
1. Water coning behaviour in gas wells could be presented in the dimensionless form where the pay thickness and 
horizontal permeability govern the shape of these type curves. 
2. Matching the well’s variable rate historical performance is easy as the type curves are insensitive to the producing 
rate. 
3. Penetration ratio, well spacing and horizontal to vertical permeability ratio have little effect on the water coning 
behaviour 
4. Type curves could be used as a diagnostic tool to identify possible completion problems. 
Comments: 
 
The literature review in the paper has a good detail into the major developments of the water coning performance in various 
reservoirs. 
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SPE 15377 (1986) 
 
Theoretical Study of Coning Toward Horizontal and Vertical Wells in Anisotropic Formations: Subcritical and Critical Rates 
 
Authors: I. Chaperon 
 
Contribution to the understanding of gas condensate reservoirs/water coning & cresting: 
 
Understanding the coning phenomena in horizontal and vertical wells. 
 
Objective of the paper: 
 
To understand the difference between the coning formation, critical rates in a vertical and a horizontal well. 
 
Methodology used: 
 
A Muskat type approach with uses pertinent viscous flow potential. This used to calculate the critical rate per unit length of a 
horizontal well and critical cone elevation. 
 
Conclusion reached: 
 
1. The critical rate per unit length increases as horizontal transmissivity of the layer and initial oil thickness decreases. 
The vertical permeability has very little influence on the rate. A higher vertical permeability increases the critical rate 
and keeps the critical crest further away from the well. 
2. The vertical well critical rate correlation is more sensitive to anisotropy where the critical rate decreases slightly when 
the vertical permeability decreases. 
3. Critical cones usually come closer to horizontal wells than vertical wells. 
4. Horziontal wells allow a higher critical production rate than vertical wells but this advantage reduces when vertical 
permeability decreases. 
Comments: 
 
One of the first studies to compare the coning effect between horizontal and vertical wells. 
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SPE 17311 (1988) 
 
The Critical Production Rate in Water-Coning System. 
 
Authors: H. H. Abass, D. M. Bass 
 
Contribution to the understanding of gas condensate reservoirs/water coning & cresting: 
 
A general method to find the critical production rate for a water coning system in an oil or gas well. 
 
Objective of the paper: 
 
To derive an analytical solution to obtain the critical oil production rate. 
 
Methodology used: 
 
An experimental model was built to obtain a qualitative description of a water cone and a quantitative result of the water-cone 
performance after breakthrough. To get the critical production rate a two-dimensional, a two-phase numerical simulator which 
simulates any two-phase water-coning system was used. The model is fully implicit and Newton-Raphson method is used to 
treat the non-linear terms of the finite difference scheme. The flow equations were created by combining the continuity 
equation, modified Darcy’s law and the equations of state. 
 
Conclusion reached: 
 
1. The calculated critical rate using the solution is higher than actual observations when neglecting vertical pressure 
gradient, limited entry and skin effects. 
2. Models implying the active water drive do not describe the performance of water coning. 
3. Models implying constant pressure of the outer boundary of the oil and water zones describe a hypothetical system 
which cannot be related to water-coning phenomenon. 
4. If real case factors such as capillary pressure and limited entry are considered then the critical oil rate would be zero.   
Comments: 
 
The conclusions of this paper state the models used cannot effectively model the water coning behaviour, which is key 
performance aspect that this project is dealing with. 
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SPE Reservoir Engineering, November (1989) 
 
Analytic Two-Dimensional Models of Water Cresting Before Breakthrough for Horizontal Wells 
 
Authors: F. M. Giger 
 
Contribution to the understanding of gas condensate reservoirs/water coning & cresting: 
 
To understand the effect of water cresting on production of horizontal well. 
 
Objective of the paper: 
 
To gain an overall understanding of water cresting and to determine the critical flow rate with three different mechanisms: 
lateral edge drive, gas-cap drive and bottom water drive.  
 
Methodology used: 
 
The state of pressure equilibrium together with the Darcy equation is used. A number of flow potentials are used to describe 
the different flow conditions of the three different mechanisms. The critical rates are derived based on the shape of the contact 
surface for each of the mechanisms. 
 
Conclusion reached: 
 
1. The theory allows description of the contact surface by the use of exact analytical equations. 
2. Some reservations exist about the proper use of the lateral-edge-drive model with incompressible fluids. 
3. The best position for a horizontal well in gas-cap nonactive system can be determined with the theory. 
Comments: 
 
One of the many analytical studies that were conducted for oil systems with horizontal wells. 
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SPE 20964 (1990) 
 
A Breakthrough Time Correlation for Coning Toward Horizontal Wells 
 
Authors: E. Ozkan, R. Raghavan 
 
Contribution to the understanding of gas condensate reservoirs/water coning & cresting: 
 
Another correlation to predict breakthrough time. 
 
Objective of the paper: 
 
To derive an approximate analytical method to investigate the behaviour of a water or a gas cone to predict the breakthrough 
time for coning towards an horizontal wells. 
 
Methodology used: 
 
The derivation is based on the steady state flow of oil and water with the following assumptions: constant pressure at the water-
oil interface at all times instead of gravity equilibrium, the OWC is initially flat and oil stripping is neglected. 
 
Conclusion reached: 
 
1. The derived analytical method can be used for gas coning as well. 
2. If the dimensionless drainage radius is less than 2.3 than the influence of the drainage radius on the cone behaviour is 
negligible. 
3. At high production rates, the influence of gravity can be neglected. 
4. Horizontal wells can help increase the breakthrough time compared to vertical wells. 
5. Simple correlations obtained in this study can provide quick engineering estimates of the breakthrough time prior to 
detailed simulation. 
Comments: 
 
The paper states an assumption that the density difference between the oil and water would have a negligible influence on the 
behaviour of the cone, if the production rate is high. 
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SPE 22931 (1991) 
 
Water Coning Calculations for Vertical and Horizontal Wells 
 
Authors: W. Yang, R. A. Wattenbarger 
 
Contribution to the understanding of gas condensate reservoirs/water coning & cresting: 
 
An understanding of the WOR after breakthrough. 
 
Objective of the paper: 
 
To develop a method suitable for either hand calculation or simulation to predict the critical rate, breakthrough time and WOR 
after breakthrough in both vertical and horizontal wells. 
 
Methodology used: 
 
Followed the same procedure as Addington did. A one well model was simulated at a constant total production rate. The well 
was simulated with a wide range of properties. The correlation was developed based on the flow equations and regression 
analysis using the data from numerical simulations. The correlation is found to be similar to Addington’s gas correlation with a 
slight modification. 
 
Conclusion reached: 
 
1. The correlation is found to be similar to Addington’s gas correlation with a slight modification. 
2. As the water cone moves up, critical rate gradually decreases. 
3. The height of water breakthrough in a tank reservoir can be used to calculate water breakthrough time for vertical and 
horizontal wells. 
4. WOR can be calculated after breakthrough. 
5. WOR is found to have hysteresis from past production. 
Comments: 
 
Converted a gas coning correlation into a water correlation. 
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SPE Reservoir Engineering, August (1991) 
 
Cone Breakthrough Time for Horizontal Wells 
 
Authors: P. Papatzacos, T. R. Herring, R. Martinsen, S. M. Skjaeveland 
 
Contribution to the understanding of gas condensate reservoirs/water coning & cresting: 
 
A solution to estimate the water or gas breakthrough time. 
 
Objective of the paper: 
 
To derive semi analytical solutions for time development of a gas or water cone and of simultaneous gas and water cones in an 
anisotropic infinite reservoir with a horizontal well. 
 
Methodology used: 
 
The following assumptions are made in solution development: gravity equilibrium in both gas and water phases, reservoir is 
homogenous and anisotropic, incompressible fluids, zero capillary pressure and complete displacement with no residual oil left 
by either displacing phase. Using these assumptions and the fluid-flow equation for incompressible oil, the method is derived. 
A numerical simulation is used to test the method.  
 
Conclusion reached: 
 
1. The two-cone solution predicts breakthrough time if the well is located at the impervious top or bottom (water and gas 
breakthrough respectively) of the oil zone. 
2. A simple expression is found for the breakthrough time. 
3. The simulation study indicates the method derived is valid for low dimensionless rates. 
Comments: 
 
Works well for thin oil zones. 
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SPE 27684 (1994) 
 
The New, Generalized Material Balance as an Equation of a Straight Line: Part 1 – Applications to Undersaturated Volumetric 
Reservoirs 
 
Authors: M. P. Walsh, R. Raghavan 
 
Contribution to the understanding of gas condensate reservoirs/water coning & cresting: 
 
A general material balance formula that can be used to estimate the STOIIP or GIIP without restrictions on fluid composition. 
The work can be directly applied to volatile-oils and gas-condensates. 
 
Objective of the paper: 
 
To provide a comprehensive guide on a material balance formula that can be applied to the full range of reservoir fluids. This 
part of the two-part series deals with initially undersaturated and volumetric reservoirs. 
 
Methodology used: 
 
The generalized material balance equation introduced by Walsh (1994). 
 
Conclusion reached: 
 
1. The methods using the GMBE have found to be to accurately calculate the hydrocarbons in place for a range of 
reservoir fluids.  
2. The methods described in the paper are simple and are not highly sensitive to the laboratory tests used to determine 
the necessary fluid properties. 
3. It is adaptable to include the effects of other supplemental productions mechanisms such as gas-cap expansion and 
water influx. 
4. Yields a more unified approach to understand reservoir performance 
Comments: 
 
This paper will be ideal to calculate the size of aquifer and the amount of water influx that can then be matched to water 
production history data available. This part deals with simple expansion-drive reservoirs, including solution-gas drive 
reservoirs. 
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SPE 27728 (1994) 
 
The New, Generalized Material Balance as an Equation of a Straight Line: Part 2 – Applications to Undersaturated Volumetric 
Reservoirs 
 
Authors: M. P. Walsh, R. Raghavan 
 
Contribution to the understanding of gas condensate reservoirs/water coning & cresting: 
 
A general material balance formula that can be used to estimate the STOIIP or GIIP without restrictions on fluid composition. 
The work can be directly applied to volatile-oils and gas-condensates. 
 
Objective of the paper: 
 
To provide a comprehensive guide on a material balance formula that can be applied to the full range of reservoir fluids. This 
part of the two-part series deals with initially saturated and non-volumetric reservoirs. 
 
Methodology used: 
 
The generalized material balance equation introduced by Walsh (1994). 
 
Conclusion reached: 
 
1. The methods using the GMBE have found to be to accurately calculate the hydrocarbons in place for a range of 
reservoir fluids.  
2. The methods described in the paper are simple and are not highly sensitive to the laboratory tests used to determine 
the necessary fluid properties. 
3. It is adaptable to include the effects of other supplemental productions mechanisms such as gas-cap expansion and 
water influx. 
4. Yields a more unified approach to understand reservoir performance 
Comments: 
 
(US) This paper will be ideal to calculate the size of aquifer and the amount of water influx that can then be matched to water 
production history data available. This part of the series considers combination drive reservoirs including gas-cap reservoirs 
and water-influx reservoirs. 
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CIM 95-143 (1995) 
 
Experimental Study and Numerical Modelling of the Bottom Water Coning Flow to a Horizontal Well 
 
Authors: Q. Jiang, R. M. Butler 
 
Contribution to the understanding of gas condensate reservoirs/water coning & cresting: 
 
Another correlation to predict cresting behaviour. 
 
Objective of the paper: 
 
To try and match simulations results and experimental results, to investigate the stability of the water-oil interface at different 
flow rates and viscosity ratios. 
 
Methodology used: 
 
The experimental procedure was modelled by a Hele-Shaw apparatus. The numerical simulation assumed a piston 
displacement (Muskat’s model). 
 
Conclusion reached: 
 
1. Oil recovery at breakthrough generally decreased with flow rate and viscosity ratio. When the viscosity ratio was 
high, the oil recovery for higher flow rate when multiple fingers formed was even higher than that for lower flow rate. 
2. Stable interfaces were achieved at low rates and in the cases where water and oil had the same viscosities.  
3. The water cut after breakthrough depends on viscosity ratio between displacing and displaced fluids. 
4. Simulation results showed that the water-oil interface became sharper as the flow rate and viscosity ratio increased. 
Comments: 
 
A numerical model was developed to model the piston type displacement that occurred in the Hele-Shaw cell. 
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SPE 53000 (1998) 
 
Practical Procedure to Predict Cresting Behaviour of Horizontal Wells. 
 
Authors: A. L. S. de Souza, S. Arbabi, K. Aziz 
 
Contribution to the understanding of gas condensate reservoirs/water coning & cresting: 
 
To provide an easy method to predict cresting behaviour in horizontal wells. 
 
Objective of the paper: 
 
To show a method to estimate the breakthrough time and the post-breakthrough behaviour of cresting horizontal wells. This 
involves trying to use a coarse grid simulation to match the behaviour 
 
Methodology used: 
 
The method is derived from two-component, two-phase flow under constant total production rate constraint equation. This is 
done with assumptions of a homogenous reservoir with constant viscosity and ignoring capillary effects. This is then used with 
a coarse grid simulation to make an estimate in the critical values. A procedure to derive pseudofunctions, either by numerical 
correlations or coarse grid simulations is also shown. 
 
Conclusion reached: 
 
1. A dimensionless grid pattern to start a reservoir simulation study is suggested for predicting breakthrough time post 
breakthrough behaviour for a horizontal well. 
2. A new set of correlations are derived for breakthrough time, post-breakthrough behaviour and optimum grid sizing. 
3. A procedure to develop pseudofunctions to match breakthrough times by use of coarse grid runs is shown. 
4. The correlations are tested with real data and have proven to be reliable. 
Comments: 
 
This paper tries to obtain accurate breakthrough times just by the use of a coarse grid simulation. 
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SPE 68666 (2001) 
 
Analysis of a Non-Volumetric Gas-Condensate Reservoir 
 
Authors: L.Vega, M. A. Barrufet 
 
Contribution to the understanding of gas condensate reservoirs/water coning & cresting: 
 
The paper investigates the use of the different material balance equations to determine the size of an aquifer encroaching into a 
gas-condensate reservoir. 
 
Objective of the paper: 
 
To be able to accurately calculate the size of the aquifer to predict water encroachment in a reservoir simulation. 
 
Methodology used: 
 
The generalized material balance equation as proposed by Walsh, et al (1994) along with the analytical solution to the 
diffusivity equation for a constant inner boundary pressure as presented by van Everdingen and Hurst. For comparison the 
conventional material balance equation is also used. 
 
Conclusion reached: 
 
1. The GMBE can effectively determine the size of a neighbouring water-bearing formation in a gas condensate 
reservoir. 
2. Use of the CMBE can seriously overestimate the fluids in place for a condensate reservoir. 
3. Neglecting the compressibility’s of the rock and the water in GMBE has little effect in the determination of the fluids 
in place. 
Comments: 
 
(US) The analysis was performed with a synthetic data set. It is shown that the effect of the pressure maintenance is to increase 
the amount of produced oil in the case of a water-driven reservoir. This paper will be very useful in determining the water 
aquifer analytically and then can be used for history matching for the simulation.  
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SPE 107169 (2007) 
 
Controls on Water Cresting in High-Productivity Horizontal Gas Wells 
 
Authors: R. P. Sech, M. D. Jackson 
 
Contribution to the understanding of gas condensate reservoirs/water coning & cresting: 
 
To understand the best method to produce horizontal gas wells. 
 
Objective of the paper: 
 
To investigate the risk associated with producing horizontal gas wells at high rates.  
Methodology used: 
 
Using numerical simulation to simulate gas recovery and aquifer response over a broad range of reservoir properties and 
production scenarios. 
 
Conclusion reached: 
 
1. Accelerated production via horizontal gas wells with a component of bottom water drive does not increase the 
ultimate recovery of gas because of water cresting. 
2. Cresting because of high production rates results in poor sweep efficiency and early water breakthrough time unless 
the permeability anisotropy is very low. 
3. In a small number of cases, with a very strong aquifer support and very low vertical permeability, gas recovery is 
increased by producing at high gas rates. 
4. The dynamics of water cresting are neglected in material balance approaches, which may over-estimate the benefit of 
accelerated production. 
Comments: 
 
Paper that shows outrunning the aquifer or producing at the highest rate possible is not necessarily the best strategy to optimise 
overall recovery. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Brodgar Field Operating Strategy Post Water Breakthrough   XIX 
 
 
Appendix B: Geology 
 
Geology: The Brodgar field is a north-west to south-east oriented low relief 4 way dip closure that formed due to local 
inversion against the Rattray High. The inversion occurred during the late Cretaceous, Cenomanian stage. The top of the 
Britannia surface is of a low relief nature. The Brittania ‘A’ sandstone formation is the primary reservoir of the field, with a 
high net to gross hydrocarbon column. The reservoir is underlain by the Brit ‘B’ shale. The figure below highlights the 
depositional environment. 
 
 
Figure B 1: Geological location of the primary reservoir of the field. 
 
 
There is a consistent facies through the Brit ‘A’ reservoir from the cores of the initially drilled wells. This is highlighted in the 
image below.  
 
 
 
Figure B 2: Facies description of Brit ‘A’ reservoir 
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Appendix C: Material Balance  
 
The production properties used in the analysis are highlighted in the table below (Table C 1). The matching properties used for 
the aquifer and multi-tank analysis are shown in Table C 2. 
 
Table C 1: Reservoir properties used in material balance analysis.  
Time Reservoir P (Psia) Cum Oil (MMSTB) Cum Gas (MMscf) Cum Wat (MSTB) 
14/08/2008 4904 0.11 1197 0 
03/09/2009 4202 4.458 61781 0 
20/11/2009 4046 5.082 71029 0 
15/08/2010 3648 7.579 115060 0 
25/02/2011 3288 9.213 146290 0.8148 
12/04/2011 3440 9.406 149685 3.4063 
26/08/2011 3630 9.787 155630 6.0267 
24/11/2011 3646 9.987 160037 6.6911 
14/02/2012 3660 10.155 162550 8.9577 
11/04/2012 3685 10.254 164017 11.1351 
21/05/2012 3709 10.31 164767 12.8343 
06/06/2012 3698 10.337 165153 13.2094 
 
Table C 2: Matching properties for the aquifer and multi-tank analysis. 
 With Aquifer With Gas Influx With Aquifer & Gas 
Local GIIP (Bcf) 283 140 283 
Connected GIIP (Bcf) -- 600 300 
Aquifer Perm (md) 100 -- 60 
 
Appendix D: Analytical Methods 
 
The variables used in the calculations are shown in the table below (Table D 1) 
 
Table D 1: Variables used in the cresting analysis. 
Variable Value Units 
Gas Viscosity 2.75E-02 cp 
Water Viscosity 0.4 cp 
Density of Water 59.8 lb/ft3 
Density of Gas 0.0635 lb/ft3 
Initial Gas Saturation 0.85 
 Connate Water Saturation 0.15 
 Residual Gas Saturation 0.2 
 Vertical Permeability 10 md 
Horizontal Permeability 100 md 
Relative permeability of Water 0.2 
 Relative permeability of Gas 0.8 
 Porosity 20 
 Gas Formation Thickness 100 ft 
Horizontal Well Length 1700 ft 
Gas column height above perforation 10 ft 
Average Gas column Height before perforations  90 ft 
Effective radius of well 405 ft 
Wellbore radius 0.80208 ft 
Thickness of Water section 10 ft 
Cross Sectional Area 400000 ft 
Drainage Width 500 ft 
Perforation Interval 1682 ft 
Distance between GWC and Horizontal Well 100 ft 
Horizontal well drainage Area 200000 ft2 
  
  Flow rate of Gas 100 MMscf/d 
Cumlative Gas Production  16000000000 ft3 
Formation Volume Factor of Water 1 
 Formation Volume Factor of Gas 0.000953 
 Water-gas gravity difference 0.37 psi/ft 
Mobility 1.49313E-05 
   
Solution GOR 1067 
 Bo 1.534 
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Appendix E: Mechanistic Model 
 
The parameters used in the history matching process for the mid case model are shown in Table E 1 and Table E 2. The gas 
injectors are named INJ1 and INJ2 and the water injectors are name WINJ1 and WINJ2. The water injectors lie on the either 
side of the reservoir with INJ1 bounding the south east of the producing area and INJ2 on the north west of the reservoir.  
 
Table E 1: Gas injection rates for history match of mid case model. 
INJ1 Rates (MMscf/day) INJ2 Rates (MMscf/day) 
01/01/2010 125,000 01/01/2010 60,000 
01/02/2011 25,000 01/02/2011 25,000 
01/08/2011 15,000 01/08/2011 15,000 
01/01/2012 8,000 01/01/2012 8,000 
 
Table E 2: Water injection rates for history match of mid case model. 
WINJ1 Rates (Stb/day) WINJ2 Rates (Stb/day) 
01/01/2010 44,400.00 01/01/2010 44,400.00 
01/02/2011 5,800.00 01/02/2011 5,800.00 
01/08/2011 8,400.00 01/08/2011 8,400.00 
01/01/2012 5,000.00 01/01/2012 5,000.00 
 
The reservoir properties used for the grid size sensitivity are highlighted in Table E 3 to Table E 6. For the horizontal grid size 
sensitivity the same reservoir properties used in the base case are used. The corresponding injection rates used to try and obtain 
a history match to the production are highlight from Table E 7 to Table E 12. 
 
Table E 3: 10 layer 5 foot model reservoir properties. 
Layer Thickness (feet) NTG Ratio (%) Porosity (%) Kh (md) Kv/Kh Ratio 
5 0.950 0.200 672 0.06 
5 0.946 0.196 632 0.06 
5 0.930 0.172 540 0.06 
5 0.930 0.160 500 0.06 
5 0.930 0.160 350 0.06 
15 0.914 0.160 330 0.06 
15 0.900 0.160 208 0.06 
15 0.900 0.160 125 0.06 
15 0.900 0.160 92 0.06 
15 0.900 0.160 75 0.06 
 
Table E 4: 10 layer 10 foot model reservoir properties. 
Layer Thickness (feet) NTG Ratio (%) Porosity (%) Kh (md) Kv/Kh Ratio 
10 0.950 0.198 652 0.06 
10 0.930 0.166 497 0.06 
10 0.930 0.160 340 0.06 
10 0.906 0.160 330 0.06 
10 0.900 0.160 250 0.06 
10 0.900 0.160 125 0.06 
10 0.900 0.160 125 0.06 
10 0.900 0.160 100 0.06 
10 0.900 0.160 75 0.06 
10 0.900 0.160 75 0.06 
 
Table E 5: 5 layer 20 foot model reservoir properties. 
Layer Thickness (feet) NTG Ratio (%) Porosity (%) Kh (md) Kv/Kh Ratio 
20 0.939 0.182 575 0.06 
20 0.914 0.160 300 0.06 
20 0.900 0.160 188 0.06 
20 0.900 0.160 113 0.06 
20 0.900 0.160 75 0.06 
 
Table E 6: 4 layer 25 foot model reservoir properties. 
Layer Thickness (feet) NTG Ratio (%) Porosity (%) Kh (md) Kv/Kh Ratio 
25 0.937 0.178 530 0.06 
25 0.908 0.160 278 0.06 
25 0.900 0.160 125 0.06 
25 0.900 0.160 75 0.06 
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Table E 7: Water & Gas injection rates for 10 layers 5 foot model. 
Gas Rates Water Rates 
INJ1 Rates (MMscf/day) WINJ1 Rates (MMscf/day) 
01/01/2010 125,000 01/01/2010 44,000 
01/02/2011 25,000 01/02/2011 5,700 
01/08/2011 14,500 01/08/2011 8,400 
01/01/2012 8,000 01/01/2012 4,700 
INJ2 Rates (MMscf/day) WINJ2 Rates (MMscf/day) 
01/01/2010 60,000 01/01/2010 44,000 
01/02/2011 25,000 01/02/2011 5,700 
01/08/2011 14,500 01/08/2011 8,400 
01/01/2012 8,000 01/01/2012 4,700 
 
Table E 8: Water & Gas injection rates for 10 layers 10 foot model. 
Gas Rates Water Rates 
INJ1 Rates (MMscf/day) WINJ1 Rates (MMscf/day) 
01/01/2010 125,000 01/01/2010 44,300 
01/02/2011 25,000 01/02/2011 5,600 
01/08/2011 14,500 01/08/2011 8,600 
01/01/2012 8,000 01/01/2012 4,800 
INJ2 Rates (MMscf/day) WINJ2 Rates (MMscf/day) 
01/01/2010 60,000 01/01/2010 44,300 
01/02/2011 25,000 01/02/2011 5,600 
01/08/2011 14,500 01/08/2011 8,600 
01/01/2012 8,000 01/01/2012 4,800 
 
Table E 9: Water & Gas injection rates for 5 layers 20 foot model. 
Gas Rates Water Rates 
INJ1 Rates (MMscf/day) WINJ1 Rates (MMscf/day) 
01/01/2010 125,000 01/01/2010 44,300 
01/02/2011 27,000 01/02/2011 4,300 
01/08/2011 15,000 01/08/2011 7,000 
01/01/2012 8,000 01/01/2012 5,700 
INJ2 Rates (MMscf/day) WINJ2 Rates (MMscf/day) 
01/01/2010 60,000 01/01/2010 44,300 
01/02/2011 27,000 01/02/2011 4,300 
01/08/2011 15,000 01/08/2011 7,000 
01/01/2012 8,000 01/01/2012 5,700 
 
Table E 10: Water & Gas injection rates for 4 layer 25 foot model. 
Gas Rates Water Rates 
INJ1 Rates (MMscf/day) WINJ1 Rates (MMscf/day) 
01/01/2010 121,000 01/01/2010 44,500 
01/02/2011 25,500 01/02/2011 4,700 
01/08/2011 16,250 01/08/2011 6,600 
01/01/2012 7,750 01/01/2012 5,100 
INJ2 Rates (MMscf/day) WINJ2 Rates (MMscf/day) 
01/01/2010 60,000 01/01/2010 44,000 
01/02/2011 25,500 01/02/2011 4,700 
01/08/2011 16,250 01/08/2011 6,600 
01/01/2012 7,750 01/01/2012 5,100 
 
Table E 11: Water & Gas injection rates for 250 foot horizontal grid size model. 
Gas Rates Water Rates 
INJ1 Rates (MMscf/day) WINJ1 Rates (MMscf/day) 
01/01/2010 121,000 01/01/2010 38,900 
01/02/2011 25,500 01/02/2011 4,800 
01/08/2011 16,250 01/08/2011 9,500 
01/01/2012 7,750 01/01/2012 7,200 
INJ2 Rates (MMscf/day) WINJ2 Rates (MMscf/day) 
01/01/2010 60,000 01/01/2010 38,900 
01/02/2011 25,500 01/02/2011 4,800 
01/08/2011 16,250 01/08/2011 9,500 
01/01/2012 7,750 01/01/2012 7,200 
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Table E 12: Water & Gas injection rates for 500 foot horizontal grid size model. 
Gas Rates Water Rates 
INJ1 Rates (MMscf/day) WINJ1 Rates (MMscf/day) 
01/01/2010 121,000 01/01/2010 28,500 
01/02/2011 25,500 01/02/2011 4,600 
01/08/2011 16,250 01/08/2011 7,200 
01/01/2012 7,750 01/01/2012 7,500 
INJ2 Rates (MMscf/day) WINJ2 Rates (MMscf/day) 
01/01/2010 60,000 01/01/2010 28,500 
01/02/2011 25,500 01/02/2011 4,600 
01/08/2011 16,250 01/08/2011 7,200 
01/01/2012 7,750 01/01/2012 7,500 
 
The injection rates for the sensitivity model of the high water production case and low production case are shown in Table E 13 
and Table E 14. 
 
Table E 13: Water & Gas injection rates for high water case sensitivity model. 
Gas Rates Water Rates 
INJ1 Rates (MMscf/day) WINJ1 Rates (MMscf/day) 
01/01/2010 92,000 01/01/2010 45,100 
01/02/2011 25,000 01/02/2011 5,800 
01/08/2011 15,000 01/08/2011 8,400 
01/01/2012 8,800 01/01/2012 5,000 
INJ2 Rates (MMscf/day) WINJ2 Rates (MMscf/day) 
01/01/2010 92,000 01/01/2010 45,100 
01/02/2011 25,000 01/02/2011 5,800 
01/08/2011 15,000 01/08/2011 8,400 
01/01/2012 8,800 01/01/2012 5,000 
 
Table E 14: Water & Gas injection rates for low water case sensitivity model. 
Gas Rates Water Rates 
INJ1 Rates (MMscf/day) WINJ1 Rates (MMscf/day) 
01/01/2010 135,000 01/01/2010 30,900 
01/02/2011 27,500 01/02/2011 5,800 
01/08/2011 15,500 01/08/2011 6,200 
01/01/2012 9,500 01/01/2012 3,800 
INJ2 Rates (MMscf/day) WINJ2 Rates (MMscf/day) 
01/01/2010 67,500 01/01/2010 30,900 
01/02/2011 27,500 01/02/2011 5,800 
01/08/2011 15,500 01/08/2011 6,200 
01/01/2012 9,500 01/01/2012 3,800 
 
